This paper disettsses the process of building a special purpose simulation environment.
INTRODUCTION
A simulation tool can be conveniently described as composed of three components: a pre-processor, a simulation algorithm (we will refer to that as "simulation engine") and a post-processor as depicted in Figure 1 . The pre-processor allows for the modeling of a scenario using user level constructs invoIving some form of a user interface. The other function of the preprocessor is to convert the model into a format that can be used by the simulation engine. This allows for the modeling and analysis of a wide range of application areas. While these tools are very powerful, they require the user to enter and manipulate information in a eottnter-intttitive manner.
Construction engineers who have little experience with simulation theory must use abstract simulation level elements during the modeling phase. The correspondence between real system and the computer model is rarely similar. Also, the simtdation results from these tools usually require some added level of analysis to get the neeessary information. This translates into lost time and productivity. Speeial purpose tools remedy these deficiencies by presenting a highly visual preprocessor with a graphical user interface (GUI). This interface is tailored to the specitlc needs of the application domain and the end users.
Researchers in construction have used objwt oriented programming (OOP) to enhance the process interaction modeling construct while preserving the graphical modeling strategy of process interaction systems (e.g.
COOPS (Liu and Ioannou, 1992) ; and CIPROS (Odeh et. rd. 1992) Robson 1983) to implemented the derived concepts.
DESIGN METHODOLOGIES
Building a special purpose simulation tool involves the design and implementation of the components described in Section 1.
The works of Ziegler and Luna formed the basis of the work described in this paper. The main focus of the described developments were on the modeling side since simulation algorithms are abundant in the literature. In general, information about a given system is represented through processes and their interactions within the overall system. In this approach, a project is broken down into independent processes each with a distinct fiction.
These processes interact together though shared and well defined interaction points. By modularizing these processes and defining how they can interact, a library of processes can be buil~manipulated and extended to suit the needs of construction engineers.
Once linked to iconic representations we achieve our objective of a flexible specialty tool for a given industry
BUIDLING PROCESS
This section describes the various design stages of a special purpose simulation tool.
Preliminary Conceptual Design
The design process begins with identifying the general processes that make up the entire project. Constraints determine how and when the simulation events will take place, for example.
The assumptions and constrains will further limit the scope of the application domain.
Interaction Points
After the definition of each process, the nature of the interaction and relationships between the processes are conceptualized. The final simulation model will consists of a set of processes interacting in some manner. There are generally two types of interactions: production based and entity based. Production based interactions are those that involve a product quantity being manipulated. Some processes will increase the amount of this product while others will decrease it. The dependency and, therefore, the interaction comes from the fact that the active entities within each process will wait if their actions could result in a production level that is below the minimum level or above maximum level. If the two processes are not "production compatible" (i.e. they use different measures or require dilTerent forms of production), a transfer function is defined.
For example, when one process interacting with another while one is producing a product with a cubic measure while the other producing a product with a surface measure require the application of a cubic to square conversion function.
In entity based interactions, active elements pass from one process to another. Again, conversion function on the attributes of the entities might need to be specified in order to make the two processes "entity compatible".
The conceptual design stage is completed when all other elements falling outside of all the individual processes are defined.
These include any global resources that are shared between processes or external interactions that can affect more than one process at a time (examples are weather processes and breakdown processes).
Simulation Level Design
At this stage, the models needed to drive the simulation of each process are formally described using entity flow diagrams. These diagrams will serve as the basis for implementing the models using discrete event simulation libraries. They are drawn ffom the simple flow diagram defined for each active element in the previous steps. These diagrams must be specific enough to be easily translated.
Data Structure DesiD
ata structure design involves the definition of the data objects or classes that will represent the elements and processes of the tool. A preliminary class hierarchy is first defined and the functionality of each one class is described. These structures will represent:
. simulation constructs such as resources, interaction points, and processes. As stated earlier, the objective of a speeial purpose simulation tools is to allow end users such as project managers or even on site engineers to use the tools effectively. This means that there is a need to add another layer of abstraction that brings the modeling environment to an intuitive and direct level. A preprocessor must be designed to take advantage of the assumptions and fundamentals of the model and reduce the required amount of input &ta.
Post Processor Design
The post processor objeetive is to analyze and present the raw simulation results in a f@liar and immediately useful format. This is best done within simple database environment where data can be quickly analyzed using queries. The final results can then be formatted and displayed in customizable database reports.
EXAMPLE APPLICATION EARTH MOVING

SIMULATION
Simulation studies are well suited for the analysis of earth moving for many reasons including repetition of given operations, dynamics of resource interactions, external factors that need to be included in tlhe analysis such as weather and the general randomness associated with such systems. The ultimate objective is to build a highly visual and flexible modeling environment where a wide range of scenarios can be analyzed with a great deal of ease. The purpose of this example is not to detail the lowest level of programming or design specifications; rather it will focus cm design methodologies discussed earlier and how it is applied.
Preliminary Conceptual Design
Earth moving operations involve a number of hauling trucks loading earth material from a preparation area and transporting it to a dump location. Other supporting activities that also take place are earth preparation at the source and spreading at the placement location. The entire operation ean be represented as a number of interacting processes: Preparatio~loading, hauling, dumping and spreading.
Preparation
Preparation is the process of breaking up and collecting soil so that it can be easily loaded into trucks.
It involves a number of dozers cycling between the collection area and the loading pile. With each cycle, the amount of prepared earth in the loading pile increases. Preparation is not necessary if the earth is adequate for immediate loading.
Loading
During the loading process, several trucks wait in line to be loaded with earth from the loading pile. Several loaders could be present at one loading location.
Loading durations are usually obtained through on site studies or from equipment handbooks. Waiting will result when loaders' production is less than that of the trucks or when loading production is greater than the preparation production.
Hauling
The hauling process involves a number of trucks hauling earth from the preparation area or "source" to the destination or "placement". Roads are normally modeled as road segments with properties such as grade, length and maximum travel speed. The haul route could contain various intersections and junctions where trucks must stop and give way to other traflic which might have higher priority. The trucks follow a static path from the source to the placement known as the "travel loaded" path and return on the "travel empty" path. The source and placement in both paths are the same therefore trucks rdways follow a closed loop. Different trucks could follow different paths since earth moving operations could involve several sources and placements as shown Figure 2. = y"""""""'"""""""'"""""""""'"'"""ĨEEEml """ EEiEl The travel times of trucks can be obtained ffom empirical travel time curves. These curves give an approximate travel duration given the length and total effective grade of the road segment for both loaded and empty trucks.
Total effective grade is composed of grade resistance and rolling resistance. Grade resistance is a measure of the force that must be overcome to move trucks over uphill slopes. Rolling resistance is a measure of the force that must be overcome to roll or pull a wheel off the ground. '~,r 
Spreading
The spreading process is the reverse of the preparation process. One or more dozers spread the hauled earth from the dump pile across a given area.
Interaction Points
The processes described so far are well contained and independent.
To construct a useful scenario, they must be linked to form a representative model of the whole project.
Production based interactions are present between preparation and loading as well as dumping and spreading.
Entity based interaction points are present between loading and hauling, and between hauling and dumping. The entities that are being transferred between the two processes represent trucks.
Production Based Interactions
The preparation and dumping processes interact through the loading pile.
On one side, dozers in the preparation area continually increase the level in the pile. While, on the other side, trucks are being loaded using that same pile. Queuing is possible only from the loading side as trucks will wait if not enough earth is present. A "swell" ratio is a conversion factor used in order to make the preparation and the preparation processes production compatible. This is because during preparatio~quantities are tracked in hank cubic meters while in loading, they are tacked as a process to a another. The choice of destimtions is specified by the source process when a request for a transfer is made.
Sample Scenario
An example project is shown in Figure 4 . It consists of several possible preparation processes, loading, hauling, dumping, and spreading processes. he event flow diagrams of each process can now be designed. These diagrams define the event sequence of each active element and can be directly translated into discrete-event simulation models. The symbols used are explained in Table 1 . The following subsections present sample diagrams for the loading and hauling processes.
Loading
The loading simulation module is illustrated in Figure 5 . Duration A and B represent loader holdup time and loading time consecutively. Interaction point 1 is the loading pile can be manipulated by other loading or preparation processes (see Figure  4 ). Interaction points 2 and 3 represent entity transfer points from and to the' hauling process. 
Hauling
The hauling simulation module is illustrated in Figure 8 . Duration descriptions are shown in Table 2 , Conditions in Table 3 and interaction points in Table 4 . Trailic entities arriving at an intersection cross only when all the blocks constituting the crossing path are free; otherwise, they will queue up. When an entity crosses the intersection and releases the blocks, waiting entities are allowed to proceed based on priority.
If priorities are equal, they are served on first come first serve basis. The result is a sort of four way intersection.
Data Structure Design
The class hierarchy is presented in Figure 9 . 
CSimBase
This class will define basic virtual functions for simulation purposes.
These functions provide various "user hooks" that allow the specialized classes to perform custom manipulation at the start and end of simulation and before and after each run. Virtual fimctions can be "overndden" by child classes in order to specialize.
CStructuralBase
This class adds connection management fimctionality.
Classes like CRoadSegment and CIntersections, which constitute the structural elements of the model, derive from this class.
CProcess
A CProcess class defines basic functionality of a high level process such as ability to connect to interaction points and the base structures needed to define a simulation model. Child classes implement the specific simulation models.
CProject
Encapsulates all project level information and behavior.
This includes the list of all processes, interaction point definitions, as well as any global resources that are available to all the processes.
Design Remarks
The classes provided above are used to construct the initial structure of the application.
However, as the diflicult task of coding a design progresses, a number of classes might still be added resulting in a slightly different class hierarchy.
CONCLUSION
Throughout the design process, every effort was made to enforce tight encapsulation and integration at all levels. The simulation design of each process is consistent and structured. Therefore, constructing a lower level representation such as CYCLONE (Halpin, 1990 ) is possible. At the project level, inter-process interaction through well defined points allows the tool to be easily extended.
For example, if a compaction or a paving module is desired, another process is defined and linked without any changes being required of the remainder of the processes.
The design complexity in this paper is not very deep. The reason is that any more time spent on design will prove unproductive since any further design decisions are highly dependent on the implementation platform, The level of design discussed is general enough to be implemented using any objeet orknted fmmework with graphical user interface support. The design stage seines to examine all the various requirements and how they translate into modules and objects that will interact together.
A good design will allow the application to gradually grow into a complex but well structured system.
The approach described in this paper was used in developing two special purpose simulation tools AP2_Earth (see Figure 10 ) and CRUISER The first is a specialty tool for design and analysis of earth moving operations while the second is a Speeiaky tool for analysis of aggregate production. Both tools are available via on ftp cem.civil.ualberta. ca/ pulblic. They were described in the proceeding of the 1995 WSC (see AbouRizk et.al., 1995 
